Creating the right environment is considered essential in today's office designs to foster collaboration, concentration and creativity. Much, however, is still unknown with regard to how lighting affects the office knowledge worker. In this study, we have explored the effects of a single, carefully isolated lighting design parameter, namely wall luminance, on the appraisal of an office space, the affective state of the occupants, their subjective alertness and their performance on a key knowledge worker task: problem solving. Room appraisal increased significantly with higher wall luminance, both on attractiveness and illumination. No effects were found on the pleasure, arousal or dominance dimensions of emotion ratings by the participants, nor were effects found on the performance of divergent and convergent problem-solving tasks. Unexpectedly, wall luminance did affect the subjective alertness of the participants, as participants were able to maintain their level of subjective alertness in the highest wall luminance condition, whereas subjective alertness decreased significantly over time in the lowest and medium wall luminance conditions. As this effect is commonly found in studies where light exposure on the human eye is manipulated (and often attributed to non-visual effects) the finding from this study provides a first indication that next to the amount of light on the eye, wall luminance and room appearance might also play a role.
Introduction
Historically, visual performance has been the primary factor in designing appropriate lighting conditions in offices (EN12464-1:2002). Over the past decade, however, knowledge concerning the effects of the luminous environment on the emotional state, health and wellbeing of office workers has increased substantially. Consequently, this knowledge is finding its way into modern design practices and is taken into account next to visual performance indicators. Many questions, however, still exist within the design community with regard to the exact mechanisms behind the effects of light that are relevant in the workplace.
The effect of lighting on the office worker can be roughly divided into two categories: effects originating from the visual (image forming) pathway, and those originating from the non-image forming pathway [1, 2] . The visual pathway refers to signals generated by light falling onto the retina that travel to the visual cortex and enable the brain to translate the retinal pattern of light into images, hence the name 'image forming'. This sensory input forms the basis of our sight, and ensures we can evaluate the environment in a relatively objective manner (e.g., are objects present yes/no). However, it also provides us with environmental cues that can trigger a host of other, more subjective psychological mechanisms. These include affective responses such as appraisals of the lighting or the physical space, changes in mood and motivation, and cognitive associations with the environment [3] [4] [5] .
The non-image forming pathway, on the other hand, has started to receive much more attention since the discovery of the so-called intrinsically photosensitive retinal ganglion cells (ipRGCs) as a third class of photoreceptors in the human retina, next to rods and cones, over 15 years ago [6, 7] . These ganglion cells were found to express the photopigment melanopsin and are reported to be most sensitive to short wavelength light (the blue part of the spectrum, 460 nm-500 nm). They play a crucial role in several non-visual responses, such as circadian phase shifting, melatonin suppression and pupillary responses to light [8] [9] [10] [11] . Along with these more physiological effects, the acute effects of light exposure on alertness have also received increasing attention in several studies [12] [13] [14] [15] .
Both the visual and non-visual pathways have received significant attention from researchers over the past decade. A wealth of studies can be found on both acute and circadian effects of light via the non-image forming pathway. Next to this, studies pertaining to the image forming pathway too have been numerous, although the majority of these have focused on aspects relating to visual performance. Yet, the psychological literature on light -albeit relatively scarce -suggests that there may be additional ways through which the visual pathway impacts employees' effectiveness and wellbeing [2] . These effects appear to be not directly linked to the physiological responses of our body to light, but rather originate from a more psychological appraisal of other characteristics of the luminous environment (e.g., perceived brightness of the room or luminous contrast). As these psychological mechanisms have not been studied as extensively, the current study explores whether such effects can be established without confounding them with the effects of visual performance or alerting and entraining effects induced through the non-visual pathways. In particular, we focus on the effects of wall luminance on the performance of office workers while controlling for illuminance levels on the eye and on the desk.
The influence of the lit environment on office workers
Lighting is one of the few environmental parameters that can have an instant effect on the perception and appraisal of a space. By influencing elements such as the intensity, directionality and the overall luminous balance (balance between the different surfaces of the space), appearances can be changed drastically. This, for example, can have an impact on one's impression and evaluation of the space. Spaces may appear pleasant in one setting, but at the flick of a switch (figuratively) turn to unpleasant [16] . Similarly, the experience of the same room can be altered from cozy to lively, tense or detached by changing the room's illumination [17] . Moreover, the effects of lighting are not limited to appraisal and atmosphere perception, as studies have indicated that different lighting conditions can also trigger changes in mood and emotional state [3, [18] [19] [20] , which, depending on context, may lead to changes in behavior.
Studies have shown that altering the (lit) atmosphere of a space can change social behavior in both positive and negative ways. For instance, Page and Moss (1976) [21] found that participants were more prone to aggression in darker environments. They hypothesized that darkness acted as a disinhibitor as a result of either anonymity, the perceived distance between victim and aggressor, or conditioned effects. In contrast, a study by Baron, Rea and Daniels (1992) found that dimly lit environments could increase positive judgements of others. This finding was proposed to originate from an increase in positive affect induced by the environment, although no changes in affect itself were found. Similarly, Steidle and colleagues demonstrated how cooperation and creativity became more likely in dim conditions, as a result of grounded and embodied cognitions [23, 24] . As these examples indicate, multiple psychological mechanisms (self-awareness, affect, cognitive associations) may emerge as a result of the same visual stimulus (e.g., dimly lit environments) depending on the context. Moreover, they may even result in opposing effects (e.g., judging somebody more favorably versus more harshly).
Next to these more generic studies, the psychological effects of light have also received attention in the more specific context of office work. The most extensive research in this field is the work of Veitch and colleagues (e.g. Ref. [5] ), who demonstrated that lighting may influence office employees' work engagement via lighting appraisal, which may have an effect on employees' effectiveness. As lighting appraisal can be influenced in several different ways within a lighting design, this still leaves open quite some avenues. For example, the level of contrast and/or uniformity can alter the visual interestingness of a space [25] . Also, studies have shown that appraisal can be strongly improved by increasing the perceived brightness of a space, for example by influencing the illuminance of the different surfaces [26] , or by changing the color temperature of the light [27] . Brightness, it seems, is a recurring topic when discussing the appraisal of spaces.
As brightness is mainly determined by what we see in our field of view, one of the major contributors to the perceived brightness of a room is the illumination of the walls and ceiling [26, 28] . Although recognized by lighting designers and lighting industry, the illumination of walls and ceiling was not considered at all in European lighting standards prior to the introduction of the 2011 version of the European indoor workplace lighting standard (EN12464-1:2002; EN12464-1:2011), the single focus being on the horizontal work plane. In practice, however, horizontal illuminance and wall and ceiling (il) luminance are quite often interlinked as both are heavily influenced by the same general lighting installation (light intended to light the task surface also reaches the walls and ceiling). As such, brightness in spaces typically depends on the achieved horizontal illuminance instead of being the result of a conscious design choice. This does, however, lead to an essential implication for studies in the field of the effects of lighting on individuals. Due to these interdependencies, the risk of confounding the effects of for example changing the horizontal illuminance with the effects caused by the simultaneous increase in brightness of the overall environment is quite high. As such it is essential to either control for or monitor both these effects in research.
Knowledge work
A complicating factor in studying the effects of lighting on the office worker is the fact that work in offices has become highly dynamic. In the past, the majority of office work revolved around manual and administrative tasks with clearly defined activities. Deriving performance measures from these tasks was fairly easy and straightforward (e.g. number of pages typed or documents processed). Since then, the 'knowledge economy' has seen a vast growth [29] resulting in offices being increasingly occupied by knowledge workers, involved in solving complex problems, with a stronger focus on the quality of the solutions rather than on their quantity. In the context of studies regarding office worker performance, this implies that in addition to the classical laboratory tasks aimed at measuring performance (e.g., visual performance and 'simple' reaction time tasks) additional performance indicators are needed to measure this 'new' type of working. This also suggests that psychological effects of lighting such as appraisal and their effects on behavior may play a much bigger role than they used to do in the traditional office.
Knowledge work as a concept is rather broad and may pertain to many different organizational roles, all with their own characteristics and activities. However, amongst all of them, the so called 'non-routine or insight problem solving' (often related to creativity) is seen as a core activity [30] [31] [32] . Although there are several theories detailing the steps of solving a problem from a psychological perspective, at least two different thought processes, both closely related to creativity, have been found to consistently underlie problem solving performance: divergent and convergent thinking [33, 34] . Divergent thinking is employed during the initial stages of problem solving to produce a wide range of possible solutions. It is supported by a global information processing mode in which information is processed in a holistic manner. In the consecutive phase, convergent thinking serves to synthesize and analyze these ideas in order to generate a solution. This process is positively influenced by a local processing mode, focusing on details [35, 36] .
Creativity is often considered as an individual's skill (within the context of problem solving). However, recent studies have shown that contextual factors may also play an important role, as suggested by studies on the effects of environmental parameters such as the presence of windows, light, brightness and color [24, 37] , and by studies on affective processes [38] [39] [40] . Similarly, performance on convergent and divergent thinking and information processing was found to be linked to affective processes. For example, divergent thinking has been found to be facilitated by positive affect [22, 41, 42] . Positive affect, according to recent accounts, broadens the mind, which is beneficial for divergent thinking [35, 36, 43] , whereas negative affect has been shown to induce a more narrow scope of attention enhancing convergent thinking [43] . Consequently, both positive and negative affect potentially play a significant role in the performance of knowledge workers.
To conclude, perceived room brightness influences room appraisal and perceived atmosphere. These, in turn, may influence convergent and divergent thinking -processes that drive creativity and problem solving, and hence important components of today's knowledge working community -via the affective and motivational responses to light as described by Knez (1995) , Küller et al. (2006) , Veitch et al. (2013) [3, 5, 19] , or via the associative mechanisms as described by [24] .
Study description
The aim of this study was to test the hypothesis that an increase in wall luminance results in a more positive room appraisal, which in turn leads to a more positive affective state and to a higher performance on divergent thinking. Conversely, a decrease in wall luminance was expected to result in a more negative room appraisal, a more negative affective state and a higher performance on convergent thinking tasks. In order to separate lighting effects on visual appraisal and affect as much as possible from visual performance and non-image forming effects, wall luminance was manipulated on three levels while keeping horizontal illuminance on the work plane stable and keeping the differences in vertical illuminance at the eye as small as possible. A varied set of dependent measures was used to explore effects of wall luminance on room appraisal, mood, alertness, ego depletion, divergent and convergent thinking as well as on inhibitory control.
Method

Participants
Forty individuals were recruited from a student population to take part in this experiment. As compensation for time, effort and travel, the participants received a modest monetary reward per attended session. The study was approved by an ethics board and conducted in accordance with the Helsinki Declaration. Selection criteria included normal or corrected to normal vision and being a native Dutch speaker. In order to ensure normal color vision (essential for the Stroop task), the Ishihara color vision test (concise edition) was performed before the start of the first session.
One participant was excluded based on the score on the Ishihara test and the data from two additional participants were excluded from the analysis because they missed one of the scheduled session(s). This resulted in a total of 37 participants whose data were included in the data analysis. The sample consisted of 23 male and 14 female participants, with ages ranging from 18 to 29 years (mean age 20.59, SD 2.49).
Settings
To simulate an office environment, a space of 7.2 × 7.2 × 3.0 m (length x width x height) was prepared and outfitted with standard office interior elements such as desks, dividers, chairs, a plant and storage cabinets based on a symmetrical setup (see Fig. 1 ). Daylight contribution was eliminated using opaque screens and access to the corridor was blocked using a light grey curtain. As the wall luminance was the primary independent variable, the walls were painted in a neutral white color (reflection coefficient 90%) and were kept bare.
Four work stations (desk, chair and a PC setup consisting of a 22" display, keyboard and mouse) were grouped in the center of the space. Consistent with an 'open office plan' design, the participants were sitting opposite to each other, separated by a divider with a height of 40 cm above the desk. A fifth desk was added at the head of the group of desks to facilitate the test leader.
To be able to control the wall luminance separately from horizontal task illuminance and vertical illuminance on the eye, two separate lighting installations were employed. The general lighting, designed to achieve a uniformly lit horizontal task illuminance (targets according to EN12464-1 E avg : 500 lux, U o > 0.6), was created by six standard 600 × 600 mm, low glare LED-based office luminaires with a (luminaire) luminous flux of 3400 lumen each (Philips PowerBalance, 4000 K, RA > 80, UGR < 16, floorplan type A), with a center on center spacing of 1800 × 1800 mm. The wall luminance was controlled by 2 lines (one on each side of the space) of 5 semi-recessed LED spots per line with a center on center spacing of 1200 mm. Each LED spot was outfitted with a wide beam reflector, had a maximum (luminaire) luminous flux of roughly 2300 lumen, and was mounted at approximately 900 mm from the wall (Philips StyliD, 4000 K, RA > 80, floorplan type B).
Using the combination of these two systems, three different lighting conditions were programmed. The appropriate condition was set before the participants arrived. In all three conditions the horizontal illuminance on the desk was set to roughly 500 lux (see Table 1 for exact values); uniformity requirements (as indicated in EN12464-1:2011) were verified based on lighting simulations using lighting simulation software (Dialux). The wall luminance in the three conditions was measured using a calibrated Technoteam LMK 5 Color luminance camera, placed at a height of 1.2 m (indicated as sitting height in EN12464-1:2011), positioned at the individual sitting location of the participants. The wall luminance was defined as the average wall luminance of the visible part of the wall as seen from the participant's point of view. Next to this, luminance values were determined for the 40°band as described by Loe, Mansfield, & Rowlands (1994) and recommended in CIE 213:2014 protocols for describing lighting [44] . Additionally, originating from the same study, the logarithm of the maximum to the minimum luminance (LMM) on the wall was added as an indicator for visual interestingness.
Three different wall luminance settings were used in the experiment. The lowest condition with an averaged wall luminance of 12 cd/ m 2 was set to represent an installation with a low perceived brightness while still complying to the illuminance requirements for walls as stated in the European standards for lighting workplaces (EN12464-1: 2011). To achieve this level, the spots were turned off completely. The middle condition (with an average wall luminance of 36 cd/m 2 ) was set to target preferred lighting conditions such as reported in studies on preferred luminance in office environments [25, 45] . The highest wall luminance was set to 72 cd/m 2 and was selected to create a substantially brighter, yet still comfortably illuminated wall. Inevitably, the increase in wall luminance resulted in a modest increase in vertical illuminance at the eye. However, due to the size of the space, and the separation of the lighting installations, these effects were small. Overall, the increase in vertical illuminance at the eye was 48 lux when comparing the highest to the lowest setting. Based on the spectrum (as measured with a calibrated JETI spectrometer) and the intensity at the eye, an indication of the non-image forming stimulus can be derived. Using the calculation tool as published by Lucas et al. (2014) , the melanopic weighted illuminance on the eye would be 128 lux in the lowest setting versus 140 lux in the medium setting and 157 lux in the highest setting. Additionally, the computer displays increased the vertical illuminance on the eye in each condition by approximately 15-20 lux.
Experimental design
This study followed a within-subject design with three levels of Wall Luminance (i.e., 12, 36 and 72 cd/m 2 ). Several dependent variables
were measured at multiple time points, introducing a second within-subject factor, namely Time. Ten groups of four participants each participated in three sessions, in consecutive weeks in December and January (group composition stayed the same throughout the experiment). The experiment was divided into two blocks of three weeks (each block hosting 5 groups). Each session took place at the same time (15.00-16.30 h) and each group had a fixed day of the week. Per session one lighting condition was presented (set prior to participants entering the room). The order of the lighting conditions varied over the 10 groups.
Measures
Both self-report scales and objective measures were employed to assess the impact of Wall Luminance on affective state and performance. Next to this, questionnaires were administered to gather information on the visual and non-visual effects. All questionnaires were administered using the display, keyboard and mouse on the desk, whereas the objective measures were administered using both paper forms and computer screens (light grey background, white text using Arial font).
Self-report measures
Chronotype was assessed using the Morningness Eveningness questionnaire (MEQ; Horne & Östberg, 1976 [47, 48] ), modified by Terman (2005) to better suit modern day language. Since chronotype is a trait (and not a dependent variable) it should not change over the course of the study. However, to ensure session consistency, it was nevertheless administered each session. As expected, no statistically significant differences were found between the different sessions. Our sample contained 11 participants with an evening chronotype, 22 with an intermediate chronotype and 3 with a morning chronotype.
Emotional state was assessed using the Pleasure -ArousalDominance emotional state model (PAD; Mehrabian, 1995 [49] ). Each assessment consisted of 6 semantic differentials per dimension (PADPleasure, PAD-Arousal, PAD-Dominance) measured on 7-point scales (1 indicating low pleasure/arousal/dominance, 7 indicating high pleasure/arousal/dominance).
Subjective alertness was measured using the Karolinska Sleepiness Scale (KSS; [50] ), with response options ranging from '1: extremely alert' to '9: extremely sleepy -fighting sleep'.
Room appraisal was assessed using a modified version of the room appearance rating system developed by Veitch and Newsham (1998) [51] . For later studies, Veitch further reduced the 27 semantic differential items to a set of 8 items loading on two different dimensions (Attractiveness and Illumination). The Attractiveness dimension (RA-Attractiveness) used the following five differentials (measured on a visual analog scale of 0-1 and averaged over all items): Unattractive -Attractive, Ugly -Beautiful, Unpleasant -Pleasant, Dislike -Like, Somber -Cheerful. The illumination dimension (RA-illumination) was based on 3 differentials: Vague -Distinct, Dim -Bright, Gloomy -Radiant. Last, ego depletion was assessed as a control variable to identify possible (mental) exhausting effects of the performance tasks, which would otherwise go unnoticed. Ego depletion was assessed using the State Self-Control Capacity Scale consisting of 25 [52, 53] ). Summation resulted in total scores ranging from 25 (low ego depletion) to 175 (high ego depletion).
Performance measures
Visual acuity (VA) was measured as a control variable using a modified Landolt-C test. The test consisted of a single A4 paper panel with rows of optotypes in decreasing size (ranging from 1.73 to 0.42 arc minutes). The panel was placed on the desk at roughly 70 cm from the eyes of the participant under an angle of 45°(no chin-rest was used). A total of 4 panels with different optotype arrangements was used to prevent learning effects. Visual acuity was determined from the smallest optotype size at which the orientation could still be correctly identified for all optotypes on a row. Because viewing distance was not controlled and no significant differences between Wall Luminance conditions were found, the results from this task will not be reported here.
Divergent thinking performance was assessed with the Alternate Uses Task (AUT; Benedek, Könen, & Neubauer, 2012; Guilford, Christensen, Merrifield, & Wilson, 1978 [54, 55] ). Participants were shown two everyday objects on the screen and were given 5 min to write down as many possible (realistic) uses for those two objects. Multiple aspects of the answers (flexibility, fluency, elaboration and originality) may be scored, however, some studies suggest that flexibility is the most reliable aspect to measure [56, 57] , so only flexibility was considered in this study. The scores for the two objects were added for a total score.
Scoring was performed by the first author (rater 1) and additionally an independent rater who was blind to the condition (rater 2). Interrater reliability was tested using the intra-class correlation coefficient (ICC). Based on a two-way model testing for consistency an ICC of .63 was found which according to the guidelines by Cicchetti is deemed 'good' [58] . For reporting and analysis of the results, the scores of the two raters have been averaged.
Mednick's Remote Associates test was employed to test Convergent thinking (RAT; Akbari Chermahini, Hickendorff, & Hommel, 2012; Mednick, 1968 [59, 60] ). For this test, the participants were presented with a list of 10 word problems (on screen) to solve within 5 min. Each word-problem consisted of three words, to which a fourth word, associated with the three presented words, needed to be found. The total score is the number of correctly answered items.
As a more 'classical' cognitive performance test a digital Stroop task was also administered next to the divergent and convergent tasks. The participants were presented with 80 trials consisting of congruent and non-congruent stimuli (respectively 25% and 75% of the total) using the colors red, green, blue and purple (color name and font color). For each trial they were asked to press the first letter of the presented font color as quickly as possible (no time limit). Response times (RT) and number of errors were recorded. Response times of errors and response times below 200 m s or above 2500 m s (considered as outliers) were excluded from further calculation. For the correct responses the median RTs were calculated, which were then transformed using a reciprocal transformation to improve normality. The transformed median RTs for both the congruent trials and non-congruent trials were analyzed as were the number of errors for the congruent and non-congruent trials. Additionally, the difference between congruent and non-congruent response times was also included in the analysis, since this is also seen as an indicator for response inhibition [61] .
Procedure
Each participant was assigned to a group and was given a table number (1-4) to ensure the same position for each session. Each session lasted roughly 1.5 h (see Fig. 2 ), including instructions (both verbally and written) and time for questions.
After administering the Visual Acuity test, the participants were asked to put on their headphones (used to draw their attention to the screen at key moments using a subtle sound) and go through a set of practice questions. With exception of the Visual Acuity test, the full experiment was automated using the Psychopy package developed at the University of Nottingham [62] .
The participants started with the first block of questionnaires consisting of the chronotype (MEQ), emotional state (PAD1), and subjective alertness questionnaire (KSS1). After this block, they were instructed to wait until the test leader indicated they could continue (to ensure a synchronized start of the performance tasks).
Following the first block of questionnaires, the three performance tasks were executed. To mitigate learning effects for the individual tasks and carry-over effects from one test to the other, each test was performed two times in a row (2 × 5 min for the AUT & RAT tasks, 2 × 80 stimuli for the Stroop task). Only the data of the second part of each task was intended for performance analysis (the first part was considered practice). Between two different tasks a questionnaire was administered (room appraisal -RA1 after task 1 and ego depletion-ED after task 2).
After completing the three performance tasks, a second block of questionnaires was administered consisting of the emotional state (PAD2), subjective alertness (KSS2) and room appraisal questionnaires (RA2).
Statistical analysis
The statistical analyses were performed using the software package R. Pearson's correlations (with Holm corrections for multiple comparisons) per wall luminance condition were analyzed using the psych package. One-way and two-way repeated measures analyses of variances (rANOVAs) were employed to analyze the main effects using the lme4 package. All p-values derived from the rANOVAs were based on Satterthwaite approximation for degrees of freedom using the lmerTest package (significance level set at p < .05). Post hoc analyses were performed using Tukey's honestly significant differences (HSD) from the lsmeans package and paired t-tests (base stats package). Effect sizes were estimated using Cohen's d z (paired) from the lsr package. Finally, the KSS was further analyzed using McNemar's test (base stats package). Next to the values reported in Section 3, full results of the Pearson's correlations and one-and two-way rANOVAs can be found in the supplemental materials. 
Results
Bivariate correlations
Before testing the effects of the light manipulation, we explored bivariate correlations between the dependent variables. Due to the repeated-measures nature of this study, correlations were computed per wall luminance condition to allow for calculation of p-values. For brevity, only cases where statistically significant correlations were found across all three conditions are discussed here (see Table 2 , additionally, full correlation matrices are reported in the supplementary materials).
Room appraisal correlations: RA Attractiveness and RA Illumination correlated significantly on both time points (t1 and t2). This is further investigated in Section 3.2.
Emotional state correlations: the PAD pleasure ratings at t1 and t2 were found to be correlated within each wall luminance condition. The arousal and dominance ratings correlated occasionally, but not consistently across conditions.
Finally, correlations between different types of dependent variables: PAD arousal at t2 correlated with subjective alertness (KSS) at t2. Additionally, ego depletion and subjective alertness at t2 were found to be correlated.
Room appraisal -attractiveness & illumination
The effects of Wall Luminance on both dimensions of room appraisal (Attractiveness and Illumination) are shown in Fig. 3 . A two-way rA-NOVA was conducted testing the impact of Wall Luminance, Time and their interaction. The results (of which the means and SD are shown in Table 3 ) showed that participants rated the conditions with a higher Wall Luminance as significantly more attractive (F (2,180) = 46.73, p < 0.001) and better illuminated (F (2,180) = 95.5, p < 0.001). No significant effect of Time was found (explaining the high correlation between time points), nor of the interaction between Wall Luminance and Time. As Time was not found to be significant, the results were averaged across this factor for the post hoc tests.
Pairwise post hoc analyses indicated that room appraisal significantly increased from the low to the medium Wall Luminance condition (RA attractiveness: p < 0.001, d z = 0.73; RA illumination: p < 0.001, d z = 1.08) and from the low to the high Wall Luminance condition (RA attractiveness: p < 0.001, d z = 0.94; RA illumination: p < 0.001, d z = 1.44). When comparing the medium to the high Wall Luminance condition, only the illumination dimension showed a significant increase (p < 0.001, d z = 0.55).
Emotional state -PAD
For each of the three emotional state dimensions (pleasure, arousal and dominance) a two-way ANOVA was conducted to investigate the effects of Wall Luminance, Time and their interaction (see Table 3 for mean and SD values).
For the pleasure dimension, no significant effects were found of Wall Luminance or Wall Luminance x Time. However, a significant decrease in pleasure was found for the Time factor (F (2,180) = 21.42, p < 0.001, d z = 0.52). This indicates that performing the experiment had a negative effect on the pleasure of the participants, but that the lighting did not have a significant impact on this.
The analysis for the arousal dimension did not reveal any significant effect for Wall Luminance, Time, or their interaction although the effect of Wall Luminance approached significance (F (2,180) = 2.62, p = 0.08).
Results on dominance were similar to those of the pleasure dimension. A significant decrease in dominance was found for Time (F (2,180) = 7.81, p < 0.01, d z = 0.28), whereas no significant effect was found for Wall Luminance, or the interaction between Wall Luminance and Time.
The correlations between the arousal dimension and subjective alertness will be reported with the results of the KSS (paragraph 3.6).
Divergent & convergent task performance -AUT & RAT
Both the Alternate Uses Task (AUT -flexibility score) and the Remote Associates test (RAT) were analyzed using a one-way rANOVA. One participant misunderstood the AUT assignment (noted down associations instead of actual uses) and was excluded from this part of the analysis. The results (see Table 4 for means and SD values) did not reveal any significant effect of Wall Luminance on the flexibility score (F (2,70) = 0.37, p = 0.69). The Remote Associates Test (see Table 4 for mean and SD values) also did not reveal any significant effect of Wall Luminance on convergent task performance (F (2,72) = 0.04, Fig. 3 . Room appraisal dimensions mean scores -whiskers represent the 95% confidence interval of the mean, ***p < 0.001.
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p = 0.96), implying that the differences in Wall Luminance did not affect the performance on these tasks.
Stroop task
One additional participant was excluded from the Stroop analyses due to inverting the assignment (provided answers for the stimulus text instead of the stimulus color).
On each of the parameters (median inverted RT on congruent trials and non-congruent trials and the difference between inverted median RTs of non-congruent and congruent trials) a one-way rANOVA was conducted to test the effect of Wall Luminance. None of the parameters indicated a significant difference, though the inverted RT for the noncongruent trials approached significance (F (2,70) = 2.71, p = 0.074), suggesting a mild increase in response speed (i.e., a faster responses) with increasing Wall Luminance. However, after adjusting the results for multiple comparisons (Holm corrections), this finding no longer held. Fig. 4 shows the effects of Wall Luminance on KSS. The results of the two-way rANOVA (Wall Luminance, Time and Wall Luminance x Time) on KSS data showed a significant effect of Wall Luminance (F (2,180) = 6.58, p < 0.01), a near significant effect of Time (F (1,180) = 3.45, p = 0.07), and a significant interaction of Wall Luminance x Time (F (2,180) = 4.09, p = 0.02). Because of the interaction effect, the simple main effects were analyzed with a one-way rANOVA model for the KSS1 and KSS2 parameters, and with paired t-tests for the effect of time per wall luminance level. The results showed that there was no significant effect of Wall Luminance on the KSS1 parameter (F (2,72) = 1.95, p = 0.15). As the KSS1 was measured at the start of each session, this implies that the participants entered the room in more or less the same state of sleepiness. However, a significant effect was found for KSS2 (F (2,72) = 7.99, p < 0.001). Here, the post hoc analyses showed incrementally better alertness (less sleepiness) from low to medium to high wall luminance: the difference between low and high Wall Luminance condition was significant (from M low = 4.59 to M high = 3.05, p < 0.001, d z = 0.65), as was the decrease from the medium to the high Wall Luminance condition (from M medium = 4.16 to M high = 3.05, p = .018, d z = 0.51). The paired t-tests for the effect of Time within each Wall Luminance condition indicated a significant increase of the sleepiness score over time in the low Wall Luminance condition (t (36) = 2.1. p = 0.043, d z = 0.35) and the medium Wall Luminance condition (t (36) = 2.79, p < 0.01, d z = 0.46), but not in the high Wall Luminance condition. As such, it appears that participants' alertness was less affected by performing the experiment in the high wall luminance condition than in the other two conditions. However, as the correlation analyses showed a significant correlation (in all conditions) between the second time point of the PADarousal dimension and the second time point of KSS, a one-way rANOVA was performed on the second time point of the KSS data with Wall Luminance as a categorical independent variable and PAD-arousal as continuous covariate. The results showed significant effects of both Wall Luminance (F (2, 72) = 5.60, p < 0.01) and PAD-arousal (F (1,106) = 94.65, p < 0.001). The fact that the effect of Wall luminance remained strong suggests that even though PAD arousal and KSS were correlated, emotional state did not mediate the effect of luminance on subjective alertness. [1] [2] [3] [4] using the values at the end of the session. The results indicate that there was a significant difference (p = 0.02) between the number of participants who transitioned from alert in the low wall luminance condition, to sleepy in the high wall luminance condition (1 participant) compared to the number of participants who were sleepy in the low wall luminance condition but alert in the high wall luminance condition (10 participants). This further strengthens the finding that the wall luminance condition did in fact influence the subjective alertness in a positive manner.
Karolinska Sleepiness Scale (KSS)
Ego depletion (ED)
As ego depletion showed a significant correlation with the second time point of the subjective alertness (KSS2), a two-way rANOVA was performed (Wall Luminance, KSS2). The results showed no effect of Wall Luminance, but did show a significant effect of subjective alertness (F (2, 104) = 75.00, p < 0.001) on ego depletion.
Discussion
Although testing the effects of a single independent variable (wall luminance) on the cognitive performance of office workers may sound straightforward in theory, careful manipulation of the actual lighting conditions was necessary to achieve the desired decoupling of horizontal and vertical illumination at the observer position and wall luminance. As this requires a specific lighting installation not common in the field, not many studies have attempted this. As such, our results could be seen as one of the first of its kind and explorative in nature, which is also represented in the multitude of dependent variables taken into account in the test setup.
Using this setup led to some expected, but interestingly, also to several unexpected outcomes. As stated in our hypotheses, we expected the room appraisal to increase significantly with an increase in wall luminance which is clearly supported by our results. However, it was also expected that this increase in room appraisal would be combined with an improved affective state, which we could not confirm from our results. We did not find significant effects on the cognitive performance tasks, yet did find a significant increase in subjective alertness providing a first indication that an increase in wall luminance could have a positive impact on the occupant.
Although interesting in itself, these results lead to a number of questions. First and foremost, what are the possible mechanisms that influenced the subjective alertness of the participants? In numerous studies, effects on alertness have been associated with an increase of illuminance on the eye, in particular in the short wavelength part of the spectrum, linking it to the increased response of the ipRGC's and implicitly linking it to the suppression of melatonin [63] [64] [65] . These experiments, however, were often performed during nighttime when melatonin levels are sufficiently high to allow for suppressive effects of light to occur. As melatonin levels are low during daytime, melatonin suppression is a less likely candidate to have caused a change in subjective alertness in our experiment. However, studies such as the one by Smolders et al. (2012) [14] , have shown that lighting can have alerting effects also during daytime. They suggested two possible mechanisms through which lighting could have induced the alerting effects: first, acute modulation of alertness and mood-related neural pathways through increased light levels on the eye [66, 67] ; second, beliefs and expectations regarding the effects of bright light. Though every effort was made in our study to keep the illuminance on the eye as constant as possible, small increases in light levels at the eye occurred with higher wall luminance (the difference between the low and high wall luminance conditions was 48 lx at the eye, or 29 lx expressed in melanopic weighted illuminance [46] ). Consequently, effects caused by higher illuminance at the eye cannot be completely ruled out. However, a recent analysis of the relationship between changes in subjective alertness as measured with the KSS and (melanopic weighted) illuminance suggests that a much larger change in illuminance is necessary to achieve a similar change in KSS as found in our study (an approximately tenfold increase in melanopic weighted illuminance for ΔKSS = 1.5) [68] , making it unlikely that the differences in subjective alertness found in our study were primarily caused by this small change in illuminance at the eye.
An alternative explanation might be that the driving mechanisms are of a more psychological nature, for instance via the hypothesized effect of wall luminance on the emotional state of the participants. The lighting manipulation had a large effect on perceived brightness and attractiveness of the room and as such should have been sufficient to induce a more positive affective state (as also found in Boyce et al. [69] ). This, however, was not confirmed by our data as room appraisal increased significantly with wall luminance, but no simultaneous improvement was found on the pleasure or dominance dimensions of the emotional state questionnaire. The arousal dimension suggested a modest yet non-significant increase with wall luminance, which is in line with findings of for instance Smolders et al. (2012) [14] . However, additional analyses indicated that wall luminance had a significant effect on subjective alertness that was independent of arousal, implying that arousal alone cannot fully explain the effects of wall luminance on subjective alertness. As such, it appears there is still a missing 'link' in the mechanism chain.
Additional potential psychological mechanisms to explain the effects found on subjective alertness may pertain to associative or motivational mechanisms influenced by the luminous environment. Although no known references between association and subjective alertness were found in literature, brightness has been shown to have cognitive associations with activity, potency and valence [70] [71] [72] , with detailed cognitive processing (concrete construal) and with selfawareness [73] . Brightness has also been shown to predict room atmosphere, particularly contributing to the liveliness component [74, 75] . As such, wall luminance may have affected alertness through associative (meaning-based) or motivation-driven mechanisms. Additional research would be needed to test such mediating processes.
Gaining more insights in the actual mechanism behind the subjective alertness increase might also shed more light on the lack of effects on the cognitive performance tasks. On the one hand, one might expect improvements in cognitive performance with an increase in subjective alertness. On the other hand, as a recent literature review [15] indicates, quite some studies have found acute effects of light intensity at the eye on subjective alertness, without accompanying improvements on reaction time performance. Our test setup included several cognitive performance tasks, with the Stroop task being the only one which can be classified as an RT-based performance task. It has been established, however, that performance on the Stroop task is not necessarily affected by sleep loss or alertness [76, 77] . For the divergent and convergent thinking tasks, quite some literature is available on the link between affective state and convergent and divergent performance (using the same or similar tests), but little research is available on the link between (subjective) alertness and performance on those tasks, making it difficult to put our findings into context.
Based on our hypothesis, we expected that divergent and convergent thinking would be influenced by changes in affective state. As no effects were found on the affective state, the current results do not invalidate that particular element of the hypothesis, nor do they confirm it. Several factors may have played a role here. First, we drew our sample from a student population, which may not be representative for the knowledge worker population. Second, although the increase in attractiveness was significant, the actual effect was within boundaries of luminance values one can expect in the built environment (especially when considering daylit scenes). As such, our lighting conditions did not represent severe extremes and may not have been strong enough to elicit changes in affective state. The fact that positive lighting appraisals did not translate into affective responses as those reported by Boyce et al. [69] may also partly be explained by differences in test duration. Our time frame was relatively short (1.5 h) whereas their studies typically lasted for a full day. Considering that associative and motivational effects might play a role, affective responses resulting from a more attractive workspace may only emerge after several hours -or even days, after the novelty and initial rush of being in a new environment subsides.
Conclusion
The findings of our experiment suggest that an increased wall luminance may have a positive effect on maintaining the level of subjective alertness of office workers. However, uncertainty remains with regard to the underlying mechanism. The results strongly suggest a psychological rather than a biological mechanism, for instance linked to motivational or associative effects. An affective path seems less relevant as no effects of wall luminance on emotional state were found. Additionally, because the differences between the vertical illuminance on the eye in the different lighting conditions were kept relatively small, non-visual effects appear unlikely, although they cannot fully be excluded.
As our findings represent a break from the 'traditional' school of thought that effects on subjective alertness are mainly determined by illuminance on the eye, a replication of our findings is essential to exclude a chance, one-off effect (including type 1 errors due to multiple dependent measures). However, if found to be valid, our findings could have a major impact on today's lighting design requirements and could result in a need for a different way of designing (as for example represented in Cuttle (2013) [78] .
Also, the lack of differences in cognitive performance warrants further investigation. Even though our findings on subjective alertness are highly relevant in today's practices to enhance the wellbeing of knowledge workers, more insights are needed to understand the impact as they might not result in acute effects, but manifest over time in the form of (reduced) stress or (reduced) sick leave.
To conclude, our study has shown that wall luminance by itself (keeping other lighting design parameters constant) can be a strong influencer of room appraisal. In addition, this appears to affect subjective alertness although the exact mechanism underlying this result is still unclear. Further studies are needed to identify the mechanism and to study potential long-term effects of this finding.
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